Auger recombination is a non-radiative process, where the recombination energy of an electron-hole pair is transferred to a third charge carrier. It is a common effect in colloidal quantum dots that quenches the radiative emission with an Auger recombination time below nanoseconds. In self-assembled QDs, the Auger recombination has been observed with a much longer recombination time in the order of microseconds.
process. 27, 28 The most in-depth evaluation -the so-called full counting statistics -becomes possible when each single quantum event in a time trace is recorded. Such real-time detection in optical experiments on a single self-assembled QD have until now only been shown for the statistical process of electron tunneling between the QD and a charge reservoir, where tunneling and spin-flip rates could be tuned by the applied electric and magnetic field. 29 Here, Auger recombination in a single self-assembled QD is investigated by optical realtime measurements of the random telegraph signal. With the technique of two-laser excitation, we are able to detect every single quantum event of the Auger recombination. These events take place in the single QD, leaving the quantum dot empty until single-electron tunneling into the QD from the charge reservoir takes place again. This reservoir is coupled to the QD with a small tunneling rate in the order of ms −1 . The laser intensity, exciting the trion transition, precisely controls the electron emission by the Auger recombination and, hence, the average occupation with an electron. It also tunes the Fano factor from a Poissonian to a sub-Poissonian distribution, which we observe in analyzing the random telegraph signal by methods of full counting statistics.
The investigated sample was grown by molecular beam epitaxy (MBE) with a single layer of self-assembled In(Ga)As QDs embedded in a p-i-n diode (see Supporting Information for details). A highly n-doped GaAs layer acts as charge reservoir, which is coupled to the QDs via a tunneling barrier, while a highly p-doped GaAs layer defines an epitaxial gate. 30 An applied gate voltage V G shifts energetically the QD states with respect to the Fermi energy in the electron reservoir and controls the charge state of the dots by electron tunneling through the tunneling barrier. The sample is integrated into a confocal microscope setup within a bath cryostat at 4.2 K for resonant fluorescence (RF) measurements (see Methods). Figure 1 shows the RF of the neutral exciton (X 0 ) and the negatively charged exciton, called trion (X -). A RF measurement as function of gate voltage in Figure 1b shows the finestructure split exciton 31 with an average linewidth of about 1.8 µeV at low excitation intensity (1.6·10 −3 µW/µm 2 ). Please note, that this measurement was recorded at a laser energy where b Gate voltage scan of the exciton at a fixed excitation frequency of 325.710 THz (laser excitation intensity of 1.6 · 10 −3 µW/µm 2 ). c Two-color laser excitation with laser 1 and laser 2 (red and blue line in panel a) shows a bright exciton fluorescence X 0 at a gate voltage where, in equilibrium, an electron would occupy the QD and quenches the X 0 transition. Xsignal is scaled up by factor 100. Simultaneous excitation of the trion transition Xempties the dot by Auger recombination and the exciton transition can be excited with the second laser until an electron tunnels into the dot again (see panel d for a schematic representation).
the exciton gets into resonance at negative gate voltages because here, the measurement conditions were the best. The quantum-confined Stark effect shifts the exciton resonance X 0 for higher gate voltages to higher frequencies up to 325.760 THz, seen in Figure 1a . This quadratic Stark shift of the two exciton transitions 32 is indicated by two white lines. At a voltage of about 0.375 V (dashed vertical line in Fig. 1a ), the electron ground state in the dot is in resonance with the Fermi energy in the charge reservoir. An electron tunnels into the QD and the exciton transition vanishes while the trion transition can be excited at lower frequencies from 324.5095 THz to 324.5115 THz.
The spectrum of the exciton (blue dots) and the trion transition (red dots) under twolaser excitation is shown in Figure 1c . The trion transition is measured at a laser frequency of 324.511 THz (corresponding to the red line, "Laser 1" in Fig. 1a ) and a laser excitation intensity of 8 · 10 −6 µW/µm 2 at a gate voltage of 0.515 V. The exciton spectrum in Figure 1c was obtained simultaneously by a second laser 2 on the exciton transition (blue line in Fig. 1a at 325.7622 THz) with a laser excitation intensity of 1.6 · 10 −3 µW/µm 2 , as the Auger recombination with rate γ a leads to an empty QD until an electron tunnels into the dot from the reservoir with rate γ In = γ 0 In + γ X In . This rate comprises the tunneling into the empty dot γ 0 In and the tunneling into the dot charged with an exciton γ X In 33 (see Fig. 1d for a schematic representation). This has been explained previously in Kurzmann et al. 26 with the important conclusion that the intensity ratio between trion/exciton intensity in equilibrium measurements is given by the ratio between Auger/tunneling rate γ a /γ In . As the tunneling rate γ In in the sample used here is in the range of ms −1 , the Auger rate γ a exceeds the tunneling rate by more than two orders of magnitude (see below). As a consequence, the intensity of the trion transition in equilibrium is by more than two orders of magnitude smaller than the exciton transition.
The interplay between electron tunneling and optical-driven Auger recombination can be studied in more detail by a real-time random telegraph signal of the resonance fluorescence.
In these measurements, the time stamp of every detected RF photon is recorded, see Fig. 1c ). The intensity of the exciton excitation laser 2 is held constant at 1.6 · 10 −3 µW/µm 2 , which is far below the saturation of the RF signal (see Supporting Information). The intensity of the trion excitation laser 1 is varied (from top to bottom: 1.6 · 10 −5 , 6 · 10 −6 and 8 · 10 −7 µW/µm 2 ). Every time, an Auger recombination takes place, the dot is emptied, and exciton RF signal turns on. After a time τ On , an electron tunnels into the QD and the exciton RF signal quenches. All intensities smaller than the threshold (red line at 7 counts/0.1 ms) are counted as "exciton off" (white areas), all intensities above the threshold are counted as "exciton on" (blue areas). ure 2, enabling the evaluation by full counting statistics. As the intensity of the trion is very weak, the random telegraph signal has been investigated in a two-color excitation scheme.
The bright exciton transition with count rates exceeding 10 MCounts/s (see Supporting Information) is used as an optical detector for the telegraph signal of the Auger recombination.
In this two-color laser excitation scheme, the "exciton off" signal corresponds to the "trion on" signal and vice versa. 26 Hence, the trion statistics can directly be determined from the "inverse" exciton signal. The intensity of the exciton excitation laser 2 is held constant at 1.6 · 10 −3 µW/µm 2 . This intensity is far below the saturation of the RF signal of the exciton (see Supporting Information) and avoids the photon-induced electron capture at high excitation intensities. 34 However, this laser intensity yields count rates above 200 kcounts/s (see Fig. 1b ), sufficiently-high for recording single quantum events in a real-time measurement. 29 While the intensity of the exciton detection laser 2 is kept constant, the laser intensity of the trion excitation laser 1 is increased from 1.6 · 10 −7 µW/µm 2 up to 1.6 · 10 −5 µW/µm 2 .
For every trion laser intensity, the time-resolved RF signal is recorded for 15 minutes using a fast (350 ps) avalanche photo diode and a bin time of 100 µs. Increasing the trion laser intensity from 8 · 10 −7 up to 1.6 · 10 −5 µW/µm 2 in Figure 2 increases the probability of an electron emission with rate γ E = nγ a by an Auger process, as the probability for occupation of the dot with a trion n increases with increasing laser 1 intensity. Therefore, the exciton transition is observed most frequently for the highest trion laser intensity. This can be observed in Figure 2 , where the optical random telegraph signal is compared for three different trion excitation intensities. A threshold between exciton "on"
and "off" is set for the following statistical evaluation. 35, 36 All exciton RF intensities smaller than this threshold (dashed red line at 7 counts/0.1 ms in Fig. 2 ) are counted as "exciton off" (white areas), all intensities above the threshold are counted as "exciton on" (blue areas). Figure 3 : Auger and tunneling rates from the time-resolved RF random telegraph signal. Panel a shows the probability distribution of the "off" (red dots) and "on"-times (blue dots) from the measurement at 8·10 −7 µW/µm 2 trion laser excitation intensity (laser 1). Fitting these data yields the emission rate γ E = nγ a and the tunneling rate of an electron into the dot γ In . In panel b, the emission and tunneling rates are plotted as function of the trion laser intensity (red and blue dots, respectively). The tunneling rate remains constant at a mean value of 0.74 ms −1 , the emission rate increases linearly with the laser intensity and, accordingly, with the occupation probability n (top axis). c Asymmetry a, calculated from the emission and tunneling rates as shown in the inset, as a function of the trion laser intensity.
From these time-resolved RF data sets, the Auger and tunneling rates can be determined by analysing the probability distributions of the "off"-times τ Off and the "on"-times τ On for every 15 minutes long data set. 35 A representative distribution at a trion laser intensity of 8 · 10 −7 µW/µm 2 can be seen in Figure 3a . An exponential fit to the "on"-times (blue line in Fig. 3a ) yields the tunneling rate γ In into the QD, while an exponential fit to the "off"-times (red line in Fig. 3a ) yields the emission rate γ E = nγ a for this specific trion laser 1 intensity.
In the example in Figure 3a , we find γ In = 0.80 ms −1 and γ E = 0.074 ms −1 . As discussed above, the probability for emitting an electron by an Auger recombination process increases with the occupation probability of the QD with a trion n.
The occupation probability with a trion n depends on the laser 1 excitation intensity and has been determined from a pulsed measurement of the trion RF intensity, where the highest trion intensity corresponds to an occupation probability of n = 0.5 37 (see Supporting
Information for more details). Figure 3b shows the expected linear dependence of the electron emission rate γ E = nγ a on the occupation probability of the QD with a trion n; tuning the emission rate γ E from almost zero to more than γ E = 2 ms −1 . The Auger rate is the proportional factor γ a =1.7 µs −1 (red data points) and in good agreement with the value obtained before for a different QD with slightly different size. 26 The tunneling rate γ In remains approximately constant at a mean value of 0.74 ms −1 (blue data points in Fig. 3b ).
This is in agreement with the probability for an electron to tunnel into the empty QD at a constant gate voltage: it is independent on the trion laser intensity. That means, we are able to use the Auger recombination to tune optically the electron emission rate independently from the gate voltage, influencing the emission rate without changing the rate for capturing an electron into the QD (here by the tunneling rate γ In ). An independent tuning of electron emission and capture rate is usually not possible for a QD that is tunnel-coupled to one charge reservoir. Changing the coupling strength or Fermi energy by a gate voltage always changes both rates for tunneling into and out of the dot simultaneously.
Using the standard methods of full counting statistics 35, 38 in the following, first of all the asymmetry a = γ In −γ E γ In +γ E between the tunneling γ In and emission rate γ E has been evaluated. The asymmetry in Figure 3c can be tuned by the trion excitation laser intensity from -1 up to 0.55 at a maximum laser intensity of 1.6·10 −5 µW/µm 2 . Important to mention here: At high trion laser intensities above 1.6·10 −5 µW/µm 2 , the electron emission by Auger recombination after an tunneling event from the reservoir happens much faster than the bin time of 0.1 ms. Therefore, the RF intensity within the bin time is not falling below the threshold and these events are not detected, i. e. the maximum bandwidth of 10 kHz (given by the bin time) of the optical detection scheme distorts the statistical analysis at trion laser intensities above , which corresponds to an asymmetry close to -1, the probability P (N ) is close to a Poissonian distribution. At a trion excitation intensity of 6 · 10 −6 µW/µm 2 (panel b), which corresponds to an asymmetry close to 0, the probability P (N ) is sub-Poissonian. Panel c shows the second (blue) and third (red) normalized cumulant as a function of the asymmetry. Symbols are measured values, lines are calculated curves for a two-state system. 36 Finally, full counting statistics 35, 39, 40 is performed on the telegraph signal: Every 15min long telegraph signal is divided into sections with length t 0 . The number N of Auger events within the time interval t 0 is counted. Figure 4a and b show two examples for the corresponding probability distributions P (N ) in the limit of large t 0 (0.2 s). At an asymmetry close to -1 (a trion laser intensity of 3 · 10 −7 µW/µm 2 , Fig. 4a ), the probability is close to a Poissonian distribution. At an asymmetry of about 0 (laser intensity of 6 · 10 −6 µW/µm 2 , Fig. 4b ), the probability distribution is sub-Poissonian, indicating a relation between Auger recombination and electron tunneling. The Auger recombination emits an electron after an electron has tunneled from the reservoir into the dot. Vice versa, the electron can only tunnel after the Auger recombination has emptied the QD. From the probability distributions, the cumulants C m (t 0 ) = ∂ m z ln M(z, t 0 )| z=0 can be derived with the generating function M(z, t 0 ) = N e zN P (N ). 35 The first cumulant C 1 corresponds to the mean value, the second cumulant C 2 is the variance and the third one describes the skewness of the distribution. The second and third normalized cumulant in the limit of large t 0 (20 ms and 5 ms, respectively) can be seen as data points in Figure 4c . For a two-state system, theory predicts for these normalized cumulants in the long-time limit C 2 /C 1 = (1 + a 2 )/2 (also called "Fano factor") and C 3 /C 1 = (1 + 3a 4 )/4, 36 shown as lines in Figure 4c . The data for the second and third normalized cumulant coincide perfectly with the calculated curves. We can conclude from the statistical analysis that the QD behaves like a two-state system, where one state is the QD charged with one electron (or a trion after optical excitation) and the other state is the empty dot (or charged with an exciton). The QD charged with one electron cannot be distinguished from the dot containing a trion (same for empty dot and exciton) as the optical transition times in the order of nanoseconds are orders of magnitude faster than the tunneling and emission time by the Auger recombination. 41 The statistical analysis demonstrates the influence of the Auger recombination on the cumulants, especially on the Fano factor, which can be tune from F = 1 to F = 0.5 by increasing the incident laser intensity on the trion transition.
In summary, we performed real-time RF random telegraph measurements and studied full counting statistics of the Auger effect in a single self-assembled QD. With this technique, we were able to measure every single Auger recombination as a quantum jump from a charged to an uncharged QD; followed by single-electron tunneling. The full counting statistics gives access to the normalized cumulants and demonstrates the tunability of the Fano factor from Possonian to sub-Poissonian distribution by the incident laser intensity on the trion transition. Comparison with theoretical prediction shows that the empty and charged QD with the Auger recombination and tunneling follows a dynamical two-state system. For future quantum state preparation, the Auger process can be used to control optically the charge state in a quantum system by optical means.
Methods
As the same measurement technique is used, this methods section follows the Supplemental information of Kurzmann et al. 29 Optical measurements 
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